Abstract: Surgical reconstruction of craniofacial deformities has advanced significantly in recent years. However, unlike orthopedic surgery of the appendicular skeleton, the biomechanical characterization of the human craniofacial skeleton (CFS) has yet to be elucidated. Attempts to simplify facial skeletal structure into straightforward mechanical device analogies have been insufficient in delineating craniofacial biomechanics. Advanced computational engineering analysis methods offer the potential to accurately and completely define the internal mechanical environment of the CFS. This study developed a finite element (FE) model in the I-deas 10 FEM software package of a preserved cadaveric human CFS and compared the predictions of this model against in vitro strain measurement of simulated occlusal loading forces from a single masseter muscle. The FE model applied shell element modeling to capture the behavior of the thin cortical bone that may play an important role in stabilizing the facial structures against functional loads. In vitro testing included strain measurements at 12 locations for a total of 16 independent channels with less than 150 N of tensile force applied through the masseter muscle into the zygomatic arch origin at 4 different orientations, with 3 trials of 500 recorded data points for each loading orientation. Linear regression analysis yielded a moderate prediction (r 2 = 0.57) between the model and experimentally measured strains. Exclusion of strain comparisons in regions that required greater modeling assumptions greatly improved the correlation (r 2 = 0.70). Future validation studies will benefit from improved placement of strain gauges as guided by FE model predicted strain patterns.
D
espite the development of new technologies and treatments in the field of craniofacial surgery, the reconstruction of posttraumatic, postablative, and congenital deformities of the facial skeleton remains a challenge. Complications, which in part can be attributed to an incomplete understanding of the biomechanical environment of the craniofacial skeleton (CFS), continue to result in significant rates of morbidity and reoperation.
1Y3
Orthopedic literature has long acknowledged that the development of complications of bony reconstruction (infection, nonunion, malunion, hardware failure) is a consequence of inadequate osteosynthesis or stabilization. 4Y8 The same, it can be reasoned, is true of craniofacial reconstruction. Numerous studies report occurrence of complications that can be at least partially attributed to insufficient stabilization.
1,2,9Y13 Furthermore, the nontrivial rates of hardware removal for size and profile-related morbidity 1,2,13Y16 (palpability, exposure, sensitivity, etc), general hardware failure 14, 17 (plate breakage, loosening etc), and the potential for the development of functional and cosmetic complications warrant the need for a more complete quantitative characterization of the load distribution in the CFS.
Classic notions of craniofacial biomechanics have been based on analytical models that reduce the complex structure of the CFS into simpler and therefore more easily understood structures. Functional adaptation theory has also been applied in considering facial skeletal loading in assuming that bone function (ie, strain patterns) can be deduced from craniofacial bone morphology. 18, 19 However, these techniques have not yielded results that adequately describe the mechanics of the CFS.
A fundamental difference between structural analysis of engineered and skeletal structures is the relatively high level of uncertainty surrounding not only the functional loading that skeletal structures must endure but also the intrinsic properties of the tissues (ie, bone and soft connective tissues). The finite element (FE) method is a powerful computational tool that has been used extensively in both solving traditional engineering problems and structural analysis of the skeleton. Computationally, the FE method allows parametric representation and analysis of complex geometric and material property distributions, which occur in vivo and which normally are difficult to represent with other analytical or experimental techniques. 20 This technique has been used successfully to predict failure loads and fracture patterns for bone structures. 21 The validity of FE models has been demonstrated through comparison to in vitro or in vivo experimental testing.
22Y28 By matching the experimental loading and correlating the resultant strain patterns with FE models, functional models are developed that can subsequently be used to reproduce more complex (ie, polymuscular) physiologic loading patterns.
Experimental in vitro strain measurement alone is limited to sampling the mechanical environment at discrete locations on the structure, which may ignore functionally significant regions or fail to capture crucial behavior such as shearing, torsion, or out-of-plane bending. 29 The FE method can provide information on stresses and strains throughout the entire volume of the structure and as such may reveal areas and behavior patterns of interest that experimental (in vitro or in vivo) surface strainYbased investigations cannot. The power of an FE model validated by experimental (in vitro) testing becomes apparent with the realization that, once validated, the FE model becomes the experimental environment. This allows for parametric analyses to assess the effects of multiple individual factors and their combined influences. Finite element modeling is not limited by some of the complexities of experimental loading scenarios. Physiologic loading involving multiple ipsilateral and contralateral muscle groups with varying recruitment levels is very difficult to replicate in vitro and has ethical and technical limitations for in vivo testing. 24 Finite element models have been developed focusing on specific skeletal structures and whole representations of the CFS.
30Y49
Validation against mechanical testing has previously been demonstrated in FE models developed of the maxilla 41 and in a study of distraction osteogenesis of cranial bones. 35 However, both models used simplified isolated geometries. A nonvalidated FE model of the facial skeleton has been developed by Gross et al 36 for the purpose of investigating the load distributions due to masticatory forces generated by the masseter and temporalis muscle groups. However, no validated models of the entire CFS have been presented in the literature to date.
This study proposes a method for elucidating the biomechanical environment of the CFS through the development and experimental validation of robust methods for FE modeling of the CFS. This article outlines a method for developing such FE models of the human CFS with validation against cadaveric mechanical testing and the discussion of the strengths and limitations of such techniques. Ultimately, such FE models have implications for quantitatively describing the load distribution due to physiologic loading and developing design criteria for osteogenic and reconstructive devices, methods, and new technologies used to treat facial skeletal diseases and deformities.
METHODS

Specimen
A single human cadaveric craniofacial specimen was used for FE model development and experimental validation (female; age, 72 years). The specimen was formalin preserved (10% buffered) with the dissection of all soft tissues except for the bony origins and insertions of major masticatory muscles (Fig. 1) . Removal of soft tissues exposed the cortical bone surface for preparation before application of strain gauges. Radiopaque fiducial markers were applied to the skull at 3 locations (Fig. 2) to allow the translation of experimental strain-gauge positions to the FE models through computed tomography (CT) images (0.488 Â 0.488 Â 0.6 mm) of the experimental specimen (GE LightSpeed Plus; GE Healthcare Fairfield, CT).
FE Modeling
A three-dimensional reconstruction of the anatomy of the CFS was created using commercial image processing software (Amira; Visage Imaging, Carlsbad, CA) from the CT scan data. The segmentation of the image data was performed by a combination of image pixel intensity value thresholding and island and hole removal with subsequent manual manipulations to complete sections of the anatomy. Using an automated meshing algorithm, a mesh refinement study was conducted yielding stable results with 850,000 tetrahedrons (Fig. 2) .
Material properties were assigned to the tetrahedral elements using the open source algorithm BONEMAT V2, 50, 51 which calculates the average CT image intensity of the pixels that fall within the volume of each tetrahedron. These image intensities were then scaled using phantom relations to the apparent physical density of the bone. Density was then correlated to the local linear elastic modulus with a power law relationship described by Carter and Hayes of the form 52, 53 :
; where E is the elastic modulus, Q is the apparent density, and A = 2017.3 and b = 2.71 are empirically derived constants. Triangular shell elements were overlaid on the tetrahedral mesh, to functionally represent cortical bone. These elements were assigned thicknesses that were heterogeneously distributed and determined using three-dimensional segmented CT images and measured at all point locations using an automatic technique. To avoid partial volume edge effects, a uniform elastic modulus of 20 GPa was used for all shell elements. 54 FIGURE 1. Experimental specimen with fiducials, strain gauges, and teeth embedded. Boundary conditions applied to FE models represent forces that act to deform the structure and restraints that ensure static equilibrium against applied loads. The rigid occlusal restraint applied in the in vitro model was represented by enforcing a zero displacement condition on the teeth, effectively preventing them from moving. Loading was represented by discrete loads applied to individual nodes on the surface representing the origin of the masseter. The direction of the loading assigned was based on the direction landmarks of the muscle acquired using a MicroScribe digitizer (Immersion Corp, San Jose, CA) during the mechanical testing. A total load of 150 N was applied to the masseter origin and the FE analysis conducted using I-deas (EDS, Plano, TX).
Mechanical Testing
A total of 2 stacked delta rosette and 10 uniaxial strain gauges, all with a resistance of 120 6 (FLA-3-11-3LT [axial], FRA-3-11-3LT [rosette]; Tokyo Sokki Kenkyujo Co Ltd., Tokyo, Japan), were bonded to the cortical surface of the specimen at 12 locations around the zygomaticotemporal complex (M-Bond 200 Adhesive Kit, M-Coat A Polyurethane; Vishay Intertechnology, Malvern, PA). The coordinates of the strain gauges and the fiducial markers were digitized using a MicroScribe 3DX (Immersion Corp) digitizer and transformed to the FE model (Fig. 2) .
The cadaveric specimen was affixed to a specially constructed fixture that simulated full occlusion by providing rigid restraint to the upper dental arch. This fixation consisted of wiring the teeth to a channel base to resist forces that would act to lift the upper dentate off of the contact surface and embedding the construct in poly(methyl methacrylate) to ensure a rigid fixation and prevent transverse motion. Aluminum interface plates were constructed and affixed to the distal portion of the right masseter, dissected free from its insertion in the mandible, using Ti-Cron 1Y4 metric sutures (Syneture Inc, Tyco Healthcare, Mansfield, MA). A wound stainless steel 500-lb test wire provided a connection between the musculature and the hydraulic actuator.
The designed fixture permitted variation of the direction of loading by changing the pulley position beneath muscle interfaces (Fig. 2) . Four different loading directions were applied to the right masseter. During mastication, the movement of the mandible changes the relative masseter position from its insertion and therefore alters the direction of loading. The direction of the tensile force applied to the masseter was varied to understand the variation in load distribution due to the range of load direction encountered during physiologic activity (but not necessarily to accurately mimic physiologic loading). One direction was chosen as the resting orientation (neutral position). Additional loading conditions were directed medially, posteriorly, and posteromedially from the neutral position.
A tensile force of 150 N was applied to the masseter origin to represent human bite force (one half of a dual-force masseter activation) (MTS Bionix 858; MTS Systems Corp, Eden Prairie, MN). 55 Limiting this load reduced the likelihood of tearing the muscle after repeated testing. A total of 500 data points (20 seconds at 25 Hz) were recorded to measure strain at each gauge under the applied load (DAQBOOK/2000aVsignal conditioner with a DBK43aVstrain measurement module; IOTECH, Cleveland, OH). Each muscle loading was repeated 3 times to assess the repeatability of the strain-gauge measurements.
Analysis
The strains from the model were extracted at the positions corresponding to the placement of the strain gauges on the experimental specimen. The locations and directionality of each experimental gauge position were referenced to the radiopaque fiducial markers placed on the specimen (MicroScribe; Immersion Corp). The exact positions of the experimental gauges were transformed to the FE model through three-dimensional localization relative to the fiducial marker positions within the CT scan (Fig. 2) . A linear regression analysis was used to compare the average measured experimental (cadaveric) strains at each gauge location against the corresponding FE-computed strains under the 4 simulated masseter loading conditions.
RESULTS
A linear regression analysis comparing the FE versus the experimental strain-gauge results for the 4 loading conditions revealed a slope of 1.16 with an offset of 3.86 with an r 2 = 0.57 (Fig. 3 ). Measurements were compared on 16 channels representing the 2 rosettes and 10 uniaxial gauges. The experimental measurements demonstrated high repeatability under loading and a linear elastic response to the applied 150-N load level.
The correspondence between the experimental and predicted strains is hindered by difficulties associated with gauge placement. Assumptions made in the modeling in very specific cases can act to distort agreement especially if those regions have high strains and therefore contribute more to the regression analysis. In fact, when gauges 12 and 4 (gauges in regions in which assumptions of mechanical behavior were madeVsee Discussion) are removed from the analysis, there is marked improvement in the correspondence (r 2 = 0.70) (Fig. 3) . The 4 load cases represented small deviations in the direction of loading applied through the masseter. Medial changes in loading direction yielded only small changes in measured strains in both the experimental and FE model. Larger changes in strains occurred with posterior movement of the loading direction at the maxillary buttress (gauges 5 and 7), on the orbital portion of the zygoma (gauge 10), 
DISCUSSION
This study outlines a method for developing a specimenspecific FE element model of the human CFS with validation against cadaveric testing. The FE protocol used yielded a stable, meshrefined, geometrically accurate model with specimen-specific material properties. The experimental testing yielded repeatable experimental results from which to conduct the validation.
The regression analysis between the experimental and FEcomputed strains overall showed a moderately good correlation (r 2 = 0.57) with a slope close to 1 (slope = 1.16) and only a small offset at the y intercept (intercept = 3.86). The results improved when 2 gauges were excluded in the analysis. Gauge 12 is near the masseter origin where the applied loads were transmitted to the bone. It is likely that the assumption of uniform force distribution across the insertion was not entirely accurate, which is related to the hyperelasticity behavior of muscle where increasing stiffness occurs at higher strain levels. Muscle tissue can be represented by multiple parallel fibers and combined with hyperelastic behavior can lead to a nonuniform load distribution on the bone, which was not accounted for in the model. Gauge 4, on the other hand, was placed on the cortex under which a tooth root resides. In this location, the cortical shell is thin and difficult to differentiate from the tooth, as it appears directly adjacent to the cortex. As such, the ability to measure the local cortical thickness in this area is difficult. Any inaccuracy in this measure would contribute to a discrepancy in the measured strains as the cortical thickness is an important factor in the stiffness of the bone. Thin bone structures with simpler geometries have demonstrated better correlations in experimental strain-gauge validation of FE models of the human pelvis (r 2 = 0.824) 23 and scapula (r 2 = 0.898). 24 However, these structures do not possess the intricacies with respect to curvature or extreme thinning of bone (in the sinus regions) as seen in the CFS. The 4 load cases in this study represent small deviations in the loading applied through the masseter. Changes to loading directions, which can change strains applied to the craniofacial bones, may have important implications not only with respect to reconstruction and design criteria, but also in the elucidation of how strain patterns vary depending on loading conditions (including direction) at the muscle origin. This may prove a critical characterization in the process of FE modeling and specifically in future replication of physiologic loading. The 2 experimental load cases directed posteriorly represent the mandible in an open or retruded position. The medial deviations from the neutral and posterior positions represent lateral mandibular excursion (seen in mastication) as well as the strain differences that may arise from neutral direction assumption inaccuracies. Experimentally in the cadaver, a slightly posterior orientation to the masseter orientation (loading) causes a reduction in the vertical strain in the maxillary buttress by approximately half (gauge 7), while increasing anterior-posterior orientation strain (gauge 5). This can be intuitively understood as an increase in the posterior component of the muscle load, hence strain, with a corresponding decrease in the vertical component while maintaining the overall strain magnitude.
In the FE model, this pattern was not observed. This discrepancy may be explained by differences in the changes of the posterior loading conditions produced by the muscle experimentally versus in the FE model. This phenomenon may also be the result of the hyperelastic behavior of muscle tissue that would tend toward a nonuniformly distributed load on the bone and is suggested by the strain patterns in the zygoma. Further study is necessary to quantify the degree to which this phenomenon may influence the FE strain patterns and may be combined for simplification in validation through direct loading of the bone.
As small differences in transformations between the specimen and FE model can have large impacts on strains if experimental measurements are taken in high-strain-gradient regions, gauge placement is important in achieving reliable model validation. High curvatures also affect the reliability of experimental strain-gauge readings. Future work can use FE data to choose gauge placement locations in areas of limited curvature and high strain and low strain gradients, which, although challenging to find on the CFS, do exist. As the dental arch remains the most reliable mode of fixation for the cadaveric head, placing strain gauges in the lower maxilla will provide important information for confirming the accuracy of the boundary conditions applied to the FE model. The geometry of a FE model is limited by the CT resolution used due to the complexity of the geometry and the multiple regions of extremely thin bone. This poses difficulties with respect to accurate segmentation (ensuring connectivity), the influence of edge effects in material property assignments, and appropriate representation of the cortical shell.
The FE model demonstrates, not surprisingly, that the maxillary region plays a very important role in craniofacial force distribution and encounters the largest stresses and strains in the upper facial skeleton under masseter loading. It must resist large moments from the masseter acting on the lever arm of the laterally protruding zygomatic arch. It is a complex structure that is highly curved, with a buttress of thin, mostly cortical bone. Consequently, the details of its strain distributions, including the large strain gradients, cannot be elucidated from simplified analytic or experimental models alone. The occlusal loading set up in this study provided a robust rigid reaction system against applied loads for loading of the CFS. However, added complexities of the teeth at the occlusal restraint, not included in this model, may be necessary to more accurately represent strain patterns on the maxilla.
The relatively high strain predictions in the maxillary buttress region under the loading conditions imposed is believed by the authors to have relevance to physiologic conditions (Fig. 4) . The application of load onto a single side of the skeleton, if anything, underestimates the strains in this region because the addition of a second load on the contralateral masseter would serve to mirror the strain pattern and add to the overall compressive force that is transmitted through the maxilla into the dental fixation. From these results, an interesting pattern emerges. In a maximal principal strain analysis (Fig. 4A) , which is a measure of tensile loading, the frontal wall of the maxillary sinus exhibits considerable straining, although it is a region dominated by thin cortical bone. This finding contrasts the classical concepts of facial skeletal biomechanics and craniofacial developmental morphology.
The FE method has been successfully validated using cadaveric models in multiple studies of bony structures such as the femur, 28 pelvis, 23,26 scapula, 22, 24 and metacarpal. 25 Previous investigators have used FE techniques in attempts to model the mandible 38 and the lower maxilla 37 and to simulate the response of the cranial skeleton to impact-loading scenarios. 39, 56 Furthermore, FE modeling has been used to simulate the stresses induced by surgical procedures such as rapid maxillary expansion 31 and orthopedic maxillary protraction. 33, 40, 57 However, we are unaware of any previous validation performed through comparison of experimental strain simulated in an FE model to strain measurements performed on preserved human cadaveric tissue. In an instance, Nagasao et al 41 performed strain measurements on a dry skull and achieved excellent correlations. However, the study was limited by the small number of gauges used (2 rosettes) in locations where the published model did not exhibit large strain. In addition, the authors did not load the dry skull through a musculature insertion but through a molar, which limited the availability of strain information in zygomatic and maxillary regions. Overall, current modeling approaches have not focused on characterization of overall CFS strain patterns.
Experimentally, the use of preserved tissue in mechanical testing is attractive because the stable tissue provides sufficient time for preparation and extensive testing. Studies on the mechanical properties of living versus dead bone conclude that the differences are few. 58 Furthermore, studies performed have demonstrated only small changes in cortical bone elastic modulus in comparing fresh frozen and preserved tissue. 58 Changes in soft tissue behavior that occur with preservation may, however, have a greater influence on load distribution modeling if muscle loading is used and thus warrants the use of fresh frozen specimens in future work.
CONCLUSIONS
The methodology outlined in this work holds great potential as a basis for producing accurate FE models of the CFS. Addressing the limitations described in the validation of the current model (in particular, using FE model results to select high-or low-straingradient regions for experimental strain measurements) should improve correlations between experimental and FE results. Expansion to additional specimens, with corresponding validation and sensitivity studies, will not only facilitate the determination of more global parameters to describe craniofacial biomechanics but may also reveal how changes in craniofacial form between specimens affect load distribution. In addition to providing valuable observations in a clinical context, characterization of the biomechanical behavior of the CFS as outlined in this study is an important first step in the improvement of current treatment modalities and the development of new technologies in the field.
